Public-private partnerships allow many previously unavailable compounds to be screened for antiviral activity. Here a screening method was used to identify an oxindole compound, RO0504985, from a Roche kinase inhibitor library that inhibited human cytomegalovirus (HCMV) protein production. RO0504985 was previously described as an inhibitor of cyclin-dependent kinase 2 (CDK2). However, using kinase selectivity assays it was found that RO0504985 was an inhibitor of several CMGC group kinase proteins, including CDK2. Using virus yield reduction assays it was observed that RO0504985 inhibited replication of different HCMV strains at low micromolar concentrations. Western blotting was used to investigate how RO0504985 inhibited HCMV replication. Treatment of HCMV infected cells with RO0504985 inhibited production of the immediate early viral IE2 proteins and the late viral protein pp28. Thus, RO0504985 inhibited HCMV replication by preventing production of specific HCMV proteins necessary for virus replication.
Introduction
Several factors, including bioavailability, drug resistance and toxicity, limit the use of currently available anti-human cytomegalovirus (HCMV) drugs (Biron, 2006; Coen and Schaffer, 2003; Mercorelli et al., 2008; Schleiss and McVoy, 2004; Villarreal, 2003) . While several novel anti-HCMV drugs are now under development (Coen and Schaffer, 2003; Mercorelli et al., 2008) , it remains necessary to expand our understanding of what compounds have anti-HCMV activity.
Screening of compound libraries is a useful methodology to survey compounds for potential anti-viral activity. However, the number of libraries currently available for screening is limited. Plus, there is often little diversity of chemical structures within those collections and the compounds within each library are often poorly characterised (Drewry et al., 2014; Knapp et al., 2013) .
Public-private partnerships are one route to expand the number of compounds available for screening (Drewry et al., 2014; Knapp et al., 2013) . Here, a screening methodology was used to identify potential anti-HCMV compounds within a Roche kinase inhibitor library. This collection is comprised of a diverse range of previously reported compounds that inhibit kinase proteins from several proteins kinase groups.
Materials and methods

Compounds
A Roche Kinase Inhibitor library (Table S1 ) was supplied to the Institute of Chemistry and Chemical Biology-Longwood (Harvard Medical School) by Hoffmann-La Roche Inc. All compounds were resuspended in dimethyl sulfoxide (DMSO).
Cells and viruses
Human foreskin fibroblast (HFF) cells (clone Hs29) were used. HCMV strains AD169 and Merlin RCMV1111 (Stanton et al., 2010) were gifts from Don Coen (Harvard Medical School) and Richard Stanton (Cardiff University), respectively.
Screening of compounds
See Supplementary Material.
Viral yield reduction
HFF cells were plated at a density of 5 Â 10 4 cells per well. After 24 h incubation, cells were infected with HCMV at a multiplicity of infection (MOI) of 1. After virus adsorption for 1 h at 37 C, cells were washed and incubated with 0.5 ml of media containing different dilution series of DMSO or RO0504985 that covered a range of concentrations from above 10 mM to below 0.01 mM. Plates were incubated for 96 h at 37 C. Titers were determined by serial dilution of viral supernatant onto HFF monolayers which were covered in DMEM media containing 10% FBS and 0.6% methylcellulose. Cultures were incubated for 14 days, cells were stained with crystal violet and plaques were counted. The final concentration of DMSO in all samples was maintained at <1% (v/v).
MTT assays
HFF cells were seeded at a density of 1 Â 10 4 cells per well. After overnight incubation to allow cell attachment, cells were treated for 96 h with a dilution series of DMSO or RO0504985 that covered a range of concentrations from 10 mM to below 0.1 mM. Cytotoxicity or inhibition of cell division was then determined with an MTT assay (GE Healthcare) according to the manufacturer's protocol, in which the ability of NAD(P)H-dependent cellular oxidoreductase enzymes to reduce the tetrazolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan was assayed. The final concentration of DMSO in all samples was maintained at <1% (v/v). 
Results and discussion
Kinase inhibitor screening
A Roche Kinase Inhibitor library of 235 compounds (Table S1) was screened at a concentration of 9.4 mM to identify compounds that inhibited production of the HCMV protein pp28 in cells infected with high passage strain AD169 (Wilkinson et al., 2015) . Eighteen compounds (Table S2 ) produced a notable decrease in the number of cells in the assay (see Supplementary Material for criteria) and were judged to be cytotoxic to HCMV infected cells.
Remaining data from the screen (217 compounds) was then converted to a z-score (the number of standard deviations from the mean of the data (Birmingham et al., 2009; Zhang et al., 1999) ) to show an increase or decrease (positive or negative z-score, respectively) in the number of pp28 positive cells ( Fig. 1A and Table S3 ).
There was no obvious overall relationship between compound structure or putative compound target and the positive or negative z-score assigned to each compound, except for 5 structurally related quinolinyl-methylene-thiazolinone compounds (RO4600445, RO4569139, RO4509200, RO4915610 and RO4554339) that had negative z-scores of À2.0 to À2.3 (Figs. 1A and B and Table S3 ). Using MTT assays it was found that these quinolinyl-methylene-thiazolinone compounds had 50% cellular The ability of compounds within the Roche Kinase collection to inhibit HCMV strain AD169 protein production in HFF cells was assessed using the screen described in Materials & Methods. After exclusion of compounds judged to by cytotoxic, each compound was assigned a z-score (the number of standard deviations from the mean value of the screen) to describe the number of cells expressing viral antigen pp28 Thus, negative and positive z-scores represent fewer or greater numbers of cells expressing pp28, respectively. A plot of all z-scores is shown, where each data point represents a single compound. A list of each compound with its assigned z-scores is shown in Supplementary Table S3 . The z-scores of several compounds discussed in the text are highlighted. (B and C) The structures and z-scores (stated in parentheses) of quinolinyl-methylene-thiazolinone compounds and RO0504985, respectively. cytotoxicity (CC50) values of greater than or equal to 8 mM in uninfected cells and 50% effective dose (ED50) values of 1e2 mM against HCMV strain AD169 (Table 1) . Therefore, cytotoxicity and/or inhibition of cell division may have made a contributed to the low z-scores for these compounds observed in the screen (Fig. 1A and Table S3 ). However, low ED50 values of the quinolinyl-methylenethiazolinone compounds compared to their CC50 values (selectivity indexes (SI), Table 1) demonstrated that these compounds had anti-HCMV activity that was not related to cytotoxicity or inhibition of cell division.
The aforementioned quinolinyl-methylene-thiazolinone compounds have been reported to be potent and selective inhibitors of CDK1 (Table S3 ), a kinase from the CMGC protein kinase group.
Multiple mechanisms are employed by HCMV to ensure CDK1 is present in the infected cell (Sanchez et al., 2003) , and treatment of infected cells with compounds that inhibit CDK proteins, including CDK1, inhibit HCMV replication (Hertel et al., 2007; Sanchez and Spector, 2006) . It is possible that CDK1 has multiple roles in facilitating HCMV replication. Analysis of these roles is complicated as inhibitors of CDK1 may also inhibit other CDK proteins. Using western blotting it was found that treatment of infected cells with quinolinyl-methylene-thiazolinone compounds resulted in a decrease in detection of HCMV Early protein UL44 and HCMV Late protein pp28, that correlated with a decrease in z-score for the compounds, but no obvious decrease in detection of HCMV Immediate-Early proteins IE1 and IE2 (Fig. S1 ). This suggested that quinolinyl-methylene-thiazolinone compounds acted on virus replication after the production of immediate early proteins. A previous report indicated that treatment of cells with roscovitine (an inhibitor of CDK proteins (including CDK1)) lead to a reduction in IE1 and IE2 protein production, but no reduction in UL44 and pp28 production (Sanchez and Spector, 2006) . Thus, it was speculated that the quinolinyl-methylene-thiazolinone compounds examined here had as yet unrecognised targets in HCMV infected cells and did not inhibit CDK1 in the context of HCMV replication.
The compound with the lowest negative z-score in the screen was RO0504985 (Fig. 1A and C) , a oxindole compound reported to inhibit the kinase CDK2 (Dermatakis et al., 2003) . CDK2, like other CDK proteins, is from the CMGC protein kinase group. RO0504985 was chosen to be the focus of further study. (1 mM) was tested for its ability to inhibit removal of a radiolabelled phosphate from an ATP substrate by CMGC group kinase proteins, compared to kinase proteins incubated with DMSO. Each data point represents the percentage kinase activity compared to DMSO. The data from two independent experiments (black and grey bars, respectively) is shown. Inhibition of kinase activity and potent inhibition of kinase activity was set at 50% and 10% remaining kinase activity, respectively. 
Inhibition of low and high passage HCMV strains by RO0504985
Viral yield reduction assays were used to assess replication of either AD169 or low passage HCMV strain (Merlin(RCMV1111)), whose genomic content is similar to that of a clinical virus isolate (Wilkinson et al., 2015) , in the presence of RO0504985. The ED50 values of RO0504985 against AD169 and Merlin(RCMV1111) were 0.01 mM and 1 mM, respectively (Table 2) . Thus, RO0504985 could inhibit replication of different HCMV strains. It was unclear, however, why RO0504985 had less anti-HCMV activity against Merlin, compared to AD169. It can be speculated that any of the open reading frames present in low passage strain Merlin, but not in high passage strain AD169 (Wilkinson et al., 2015) , were responsible for the different effects of RO0504985 on different HCMV strains. Anti-HCMV drugs such as ganciclovir have been reported to have ED50
values of approximately 1 mM under similar conditions (Loregian and Coen, 2006; Markham and Faulds, 1994 ) and a selectivity index of approximately 200 (Loregian and Coen, 2006) . Therefore, RO0504985 has similar anti-HCMV to the frontline HCMV drug ganciclovir. However, the selectivity index of RO0504985 against different HCMV strains suggests that ganciclovir may have a preferable safety profile compared to RO0504985 depending on the HCMV strain that is being targeted.
To ensure that the anti-HCMV activity of RO0504985 was not due to cellular cytotoxicity or inhibition of cell division, an MTT assay was used to assess the number of uninfected cells in the presence of RO0504985 compared to treatment of cells with DMSO.
It was found that the CC50 value of RO0504985 was 10 mM (Table 2) . Therefore, when comparing CC50 and ED50 values for RO0504985 (SI, Table 2) it was likely that cellular cytotoxicity or inhibition of cell division did not obviously contribute to the ED50 value of RO0504985. However, the CC50 value of RO0504985 did imply that cellular cytotoxicity or inhibition of cell division could have contributed to the very low z-score assigned to RO0504985 in the screen (Fig. 1). 
RO0504985 kinase selectivity analysis
Oxindole compounds can inhibit a range of kinase proteins from several kinase groups (Elkins et al., 2016) . Previous screening experiments suggest that to have anti-HCMV activity oxindole compounds must be able to potently inhibit several CDK proteins, plus several other CMGC kinase group proteins (Khan et al., 2017) . It remains unknown which combinations of CMGC group kinase proteins must be inhibited for an oxindole compound to have anti-HCMV activity. RO0504985 has been reported to inhibit CDK2 (Dermatakis et al., 2003) , but it was unknown if other CMGC proteins could be inhibited by this compound. Therefore, in vitro kinase inhibition assays were used to assess the ability of RO0504985 to inhibit a panel of CMGC kinase group proteins, including CDK proteins CDK1-7 and CDK9 (Fig. 2) . RO0504985 was a potent inhibitor (less than 10% kinase activity remaining) of all CDK proteins tested and several CLK, DYRK, GSK and SRPK proteins. Plus, RO0504985 was also an inhibitor of various other CMGC kinase proteins (less than 50% kinase activity remaining). Thus, RO0504985 was an inhibitor of a range of CMGC protein kinase proteins in vitro.
Several CMCG kinase proteins are thought to be involved in HCMV replication. Treatment of HCMV infected cells with roscovitine, which inhibits a range of CDK proteins, inhibits several facets of productive HCMV replication (Sanchez et al., 2007; Sanchez and Spector, 2006) and proteins such as CK2 and MAPK1 are involved in phosphorylation of at least one HCMV protein (Barrasa et al., 2005; Harel and Alwine, 1998; Heider et al., 2002; Rodems and Spector, 1998) . It is unclear or unknown if CLK, DYRK, GSK or SRPK proteins potently inhibited by RO0504985 are required for efficient HCMV replication. It is possible that inhibition of the aforementioned CMGC kinase proteins by RO0504985, alone or in combination, results in anti-HCMV activity in infected cells. As the function of many kinase proteins in infected cells is unknown or unclear, it is possible that inhibition of kinase proteins by RO0504985 has both direct and indirect effects on HCMV replication. It is possible that RO0504985 also inhibits proteins in other kinase groups, but, as mentioned above, our previous analysis of HCMV replication inhibition by oxindole compounds suggests that inhibition of CMGC kinase proteins, not inhibition of proteins from other kinase groups, is sufficient for anti-HCMV activity (Khan et al., 2017) .
Furthermore, the potential for RO0504985 to inhibit the HCMV encoded kinase UL97 was also examined. Treatment of infected cells with the UL97 inhibitor maribavir inhibits UL97 autophosphorylation and results in loss of high molecular weight UL97 that can be visualised by western blotting (Silva et al., 2011) . Treatment of infected cells with RO0504985 did not affect production of high molecular weight UL97 found by western blotting (data not shown). Therefore, the anti-HCMV activity of RO0504985 compounds was unlikely to have been due to inhibition of UL97 kinase activity. These data will assist future studies of RO0504985 and CMGC kinase proteins. Plus, these data furthers our understanding of kinase proteins required for HCMV replication and stimulates questions about the relationship between the role of CDK proteins and other CMGC proteins in the infected cell. Combining the data presented here with other reports (Khan et al., 2017) and analysis of further oxindole compounds will create structure-activity relationships and illuminate how inhibition of CMGC proteins relates to anti-HCMV activity.
Inhibition of HCMV protein production
Finally, how RO0504985 inhibited HCMV replication was investigated. Western blotting was used to assay production of HCMV proteins from each kinetic class of viral transcription (immediate-early to early to late) shown in Fig. 3A . Compared to treatment of HCMV infected cells with DMSO (Fig. 3A, lanes 2e4) , densitometry analysis revealed treatment of HCMV infected cells with RO0504985 (Fig. 3A , lanes 5e7) resulted in an approximately 2-fold decrease in production of immediate-early proteins IE2-86 and IE2-60 and an approximately 4-fold decrease in late protein pp28. To confirm this analysis using western blotting, HFF cells were again infected with AD169 and treated with either DMSO or RO0504985. At 72 h.p.i. the defect in IE2 and pp28 protein production was assayed by comparing a 2-fold serial dilation series of lysate from DMSO treated cells to undiluted lysate of RO0504985 treated cells (Fig. 3B and C, respectively) . Consistent with the aforementioned densitometry analysis, approximately 2-fold and 4-fold decreases in IE2 and pp28 protein production, respectively, was observed.
Treatment of infected cells with RO0504985 had no obvious effect on the accumulation of any other immediate-early (IE1), early (UL44, UL84, pp65) or late (UL85, UL86) protein examined (Fig. 3A) .
Both IE2-86 and pp28 are essential for virus replication (Britt et al., 2004; Pizzorno et al., 1988) , therefore, a lack of either or both of these proteins could reflect the anti-HCMV activity of RO0504985. IE2-60 is a protein produced from an internal start codon in the open reading frame encoding IE2-86 and is required for efficient HCMV replication (White et al., 2007) . Thus, inhibition of IE2-60 production could also have contributed to the anti-HCMV effects of RO0504985.
Inhibition of a broad range of CDK proteins by roscovitine results in loss of both IE1 and IE2 proteins in HCMV infected cells (Sanchez and Spector, 2006) . Thus, it is likely that inhibition of HCMV replication by RO0504985 did not involve inhibition of CDK proteins. However, several factors could link inhibition of CMGC kinases with inhibition of IE2 and pp28 protein production. RO0504985 is an inhibitor of CMGC kinase proteins CK2 and MAPK1 (Fig. 2) , both of which have been reported to phosphorylate IE2-86 (Barrasa et al., 2005; Harel and Alwine, 1998; Heider et al., 2002; Rodems and Spector, 1998) . It is unknown if CMGC kinase proteins can phosphorylate IE2-60. It has been reported that mutation of certain CK2 phosphorylation sites in IE2 resulted in inhibition of IE2-86 production, plus defects in the production of several of other viral proteins including UL44, pp65 and pp28 (Barrasa et al., 2005) . This suggests the possibility that there is a link between inhibition of IE2 phosphorylation by CK2 in the presence of RO0504985 and inhibition of IE2 and pp28 production.
However, it is unknown how the presence of RO0504985 allowed efficient production of pp65 and UL44 when CK2 function should be inhibited. It has been reported that mutation of MAPK1 phosphorylation sites in IE2-86, or treatment of infected cells with an inhibitor of MEK signaling (an upstream regulator of MAPK1), had no obvious effect on immediate-early transcription or protein production (Heider et al., 2002; Rodems and Spector, 1998) . However, it is unknown what effect, if any, inhibition of MAPK has on pp28 production.
It is possible that there were also direct effects of RO0504985 on pp28 production that did not involve inhibition of IE2 protein production. Inhibition of pp28 phosphorylation leads to pp28 instability (Munger et al., 2006) . However, it is unknown if pp28 can be phosphorylated by any CMGC kinase protein that is inhibited by RO0504985. An alternative possibility is that RO0504985 is an inhibitor of HCMV UL26, whose function is unknown, as mutation of UL26 leads to hypophosphorylation and instability of pp28 (Munger et al., 2006) .
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